We examined the expression and localization of herpesvirus proteins in monkey cells transfected with recombinant plasmids containing herpes simplex virus (HSV) DNA sequences. Low levels of expression of the major HSV DNA-binding protein ICP8 were observed when ICP8-encoding plasmids were introduced into cells alone. ICP8 expression was greatly increased when a recombinant plasmid encoding the HSV alpha (immediate-early) ICP4 and ICPO genes was transfected with the ICP8 gene. Deletion and subcloning analysis indicated that two separate functions capable of stimulating ICP8 expression were encoded on the alpha gene plasmid. One mapped in or near the ICP4 gene, and one mapped in or near the ICPO gene. Their stimulatory effects were synergistic when introduced on two separate plasmids. Thus, two separate viral functions can activate herpesvirus early gene expression in transfected cells.
Gene products encoded by animal viruses have provided some of the few examples of well-characterized eucaryotic functions that stimulate the expression of other viral and cellular genes. These provide excellent systems in which to study the mechanisms by which eucaryotic gene expression can be regulated. The adenovirus ElA function (3, 14) , the herpes simplex virus (HSV) ICP4 (5, 16, 23, 32) , and the pseudorabies virus immediate-early gene product (2) have been shown to activate expression of their respective early and late genes during the viral lytic cycles. The pseudorabies virus immediate-early gene product can complement the defective function of an ElA mutant virus (6) . Therefore, it was hypothesized that these two functions operate through a common mechanism (6) . The action of the simian virus 40 (SV40) large T antigen is somewhat more complicated in that it stimulates the expression of late SV40 genes while repressing early transcription (4, 15) .
The ElA or pseudorabies functions can stimulate the expression of viral and even cellular genes when these genes are introduced into cells with the marker gene by transfection (9, 13) . It has been suggested that these functions stimulate transcription nonspecifically by inactivating an inhibitory cellular function (22) or promoting assembly of stable transcription complexes (7) . Although genes introduced into cells by transfection are activated by ElA, similar genes in the cellular genome are not activated (9) . Therefore, several levels of transcriptional regulation exist.
Adenovirus VAl RNA has been shown to stimulate the translation of late adenoviral mRNAs during viral infection (31) . Transfection of this gene into cells with an adenoviral gene also leads to an increase in translation of the mRNA (30) . Therefore, viral gene products can affect the transcription of viral genes or the translation of viral mRNA. Many of these effects can be observed in cells transfected with the cloned viral regulatory genes.
The HSV ICP8 DNA-binding protein is a beta (delayedearly) gene product whose expression depends on the synthesis of alpha (immediate-early) HSV proteins (12. 25 ICP8 gene, ICP8 is expressed and localized to the nuclei of the cells (24) . To increase the level of expression of ICP8, we transfected specific regions of the HSV genome encoding immediate-early genes along with the ICP8 gene. These studies allowed us to define two independent HSV functions that can stimulate ICP8 expression under transient expression conditions.
MATERIALS AND METHODS
Plasmids. Escherichia coli K-12 DH-1 and JM83 were transformed by the procedure described by Hanahan (10) . The HSV DNA sequences in the plasmids used are shown in Fig. 1 . The plasmids pSG1 and pSG18 (8) were provided by M. Levine (University of Michigan, Ann Arbor). Plasmid pMM102 (F. Moreno, unpublished data) was provided by R. Kolter (Harvard Medical School, Boston, Mass.). The pSG18-SalA plasmid was described previously (20) . The pUC18 plasmid and JM83 cells were provided by J. Messing. All enzymes were purchased from New England BioLabs, Inc. (Beverly, Mass.). Restriction enzyme digestions were conducted at 37°C until completion, and the enzymes were inactivated by incubation of the reaction mixtures at 68°C for 15 min. Ligations were performed with T4 DNA ligase at 14°C for 12 to 16 h.
The plasmids pSG18-Sacl and pSG1-Sacl were constructed by digestion of pSG18 or pSG1 DNAs, respectively, with SacI followed by ligation. The plasmid pSG1-KpnI was constructed by the digestion of pSG1 with Kpnl followed by ligation. The plasmids pSG1-EK1 and pSG1-EK2 were constructed by digestion of pSG1 and pMM102 DNAs with EcoRI and KpnI and ligation of the mixture. Ampicillin-resistant transformants of DH-1 cells were selected on glucose minimal media plates.
The plasmids pSG1-ES1 and pSG1-ES2 were constructed by digestion of pSG1 and pUC18 DNA with EcoRI and Sacd and ligation of the mixture with T4 DNA ligase. The ligation mixture was transformed into JM83, and transformants were identified as white colonies on Luria-Bertani medium plates containing 100 ,ug of ampicillin per ml, 400 ,ug of 5-bromo-4-chloro-3-indolyl 3-D-galactoside per ml, and 0.25 mM isopropyl P-D-thiogalactoside. The DNA transfections. The transfection mix was prepared as described previously (17) . The amount of DNA in each mix (0.5 ml) was adjusted to 10 ,ug Immunoprecipitation. The procedures for preparation of cell extracts and immunoprecipitation with 39S monoclonal antibody were described previously (24) . Proteins from the immunoprecipitates were analyzed in sodium dodecyl sulfate-polyacrylamide gels (18) that were treated for fluorography (19 The total DNA from transfected cells (10-,ug portions) was digested with ClaI, which cleaves once in the vector sequences of plasmid pSG18. The DNA was fractionated by electrophoresis in agarose gels and transferred to nitrocellulose by the method of Southern (29) . To generate a hybridization probe, the viral DNA insert from pSG18-SalA was isolated and labeled by nick translation with [a-32P]dCTP (New England Nuclear Corp., Boston, Mass.). The hybridization reaction was conducted as described previously (20) . RESULTS
Expression of ICP8 from transfected plasmids. We and others have shown that a gene product related to ICP8 is expressed when the recombinant plasmid pSG18 (8) (Fig. 1) is introduced into cells by transfection (24, 27 3) . Therefore, these polypeptides were not related to ICP8 and did not contribute to the immunofluorescence observed specifically in cells transfected with pSG18 (24) .
Because the pSG18 plasmid contained a large insert from the HSV genome, we deleted the internal Sacl fragments from the pSG18 plasmid, generating the pSG18-Sacl plasmid (Fig. 1) . This plasmid retained the ICP8 coding sequences from coordinates 0.386 and 0.417 (11, 25) . It also expressed ICP8 upon transfection into cells (Fig. 2B, lane 5) . The pSG18 and pSG18-Sacl plasmids were used as indicated in this study.
Stimulation of ICP8 expression by a plasmid containing HSV alpha genes. The level of ICP8 expressed from either pSG18 or pSG18-Sacl was quite low (Fig. 2B) . During the lytic cycle, the expression of ICP8 mRNA or protein is dependent on prior synthesis of HSV alpha (immediateearly) proteins (12, 25 transfected pSG18 with or without pSG1, a plasmid that contains the coding sequences for the alpha genes ICP4 and ICPO (8) . When pSG1 or various derivatives of pSG1 were transfected with pSG18, a large increase in the amount of ICP8 in the immunoprecipitates was observed (Fig. 2B , lanes 2 to 4 and 6 to 8). A very small increase was observed when pBR325 was cotransfected with pSG18 (see Fig. 7) . Therefore, the viral DNA sequences or a product encoded therein exerted a stimulatory effect on ICP8 expression. To examine the apparent trans-acting stimulatory activity, we demonstrated the expression of the alpha ICP4 protein. The cells were reacted with the R616 rabbit anti-ICP8 serum (R. Courtney, unpublished data), the 58S mouse anti-ICP4 monoclonal antibody (28) , and the appropriate second antibodies for double immunofluorescence. All cells expressing ICP8 also demonstrated expression of ICP4 and vice versa (Fig.  3 ). Cells transfected with salmon sperm DNA showed no immunofluorescence (data not shown).
The ICP4 and ICP8 proteins were exclusively nuclear in the transfected cells, as revealed by immunofluorescence (Fig. 3) To further optimize the conditions for ICP8 expression, we determined the optimal ratio for the pSG18 and pSG1 plasmids. We transfected mixtures of the two plasmids at weight ratios of 2:1, 1:1, or 1:2 (pSG18:pSG1), keeping the total amount of plasmid DNA constant. The highest levels of expression of ICP8 were observed at a ratio of 2:1, pSG18:pSG1 (Fig. 4) . This weight ratio was used in all of the experiments described below.
The amount and state of the pSG18 plasmid DNA in transfected cells were examined by Southern hybridization. Total cellular DNA was isolated from transfected cultures at 48 h posttransfection. The DNA was cleaved with Clal to linearize the pSG18 sequences, and the DNA was resolved 7 8 FIG. 4 24 to 48 h posttransfection. The cells were harvested and separated into nuclear and cytoplasmic fractions (18) . ICP8 was immunoprecipitated from each of the fractions with 39S antibody. Shown is a fluorogram of the polyacrylamide gel in which the proteins of the immunoprecipitates were resolved. The odd-numbered lanes represent the cytoplasmic fractions, and the even-numbered lanes represent the nuclear fractions. and 39S antibody indicated that all of the ICP8 was stably associated with the nuclear fraction (Fig. 4) .
No antibody probes for ICPO were available; therefore, we could not examine whether ICPO was being expressed. ICP8 and ICPO migrate similarly in these gels (12) . To ensure that the 39S antibody was not reacting with ICPO in the extracts of cells transfected with pSG1 and pSG18, we attempted to immunoprecipitate proteins from cells transfected with pSG1 alone. No band comigrating with IPC8 was detected in this sample (Fig. 5, lanes 3 and 9) . Thus, ICPO did not contribute to the labeled protein precipitated with 39S.
Characterization of the expression system. To determine the times of optimal synthesis of ICP8, we labeled transfected cells for various periods after transfection: 8 to 
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by electrophoresis, transferred to a blot, and hybridized with the labeled viral DNA insert of pSG18-SaIA (Fig. 1) . The DNA from transfected cells that hybridized with the probe (Fig. 6 , lanes 4 to 6) comigrated with linearized pSG18 (Fig.  6, lane 10) . Uncleaved DNA from the transfected cells also comigrated with the pSG18 DNA molecules used for transfection (data not shown). Therefore, the majority of the transfected pSG18 DNA showed no evidence of rearrangement. When we compared the intensity of the hybridized bands to those of reconstructed mixtures of pSG18 and cellular DNA, we concluded that approximately 10 molecules of pSG18 per cellular genome equivalent were isolated from the transfected cells (Fig. 6) . The cotransfection of pSG1 did not appear to alter the level or conformation of the pSG18 sequences.
Mapping of stimulatory functions. Because pSG1 contains a large HSV DNA insert and the coding sequences for at least the two immediate-early proteins ICPO and ICP4, we wanted to further map the stimulatory functions encoded on this plasmid. Viral genetic studies have demonstrated that ICP4 is needed for early and late gene expression (5, 16, 23, 32) . We expected ICP4 to be the major, if not sole, stimulatory function. The ICP4 gene was segregated from the ICPO 24 to 48 h posttransfection, and ICP8 was immunoprecipitated as described in Fig. 2 . The immunoprecipitates were prepared from extracts of cells transfected as follows. Lanes: 1, salmon sperm DNA only; 2, 5 ,ug of pSG18-Sacl; 3, 5 ,ug of pSG18-Sacl and 2.5 ,ug of pBR325; 4, 5 ,ug of pSG18-Sacl and 2.5 ,ug of pSG1; 5, 5 ,ug of pSG18-Sacl and 2.5 ,ug of pSG1-EK1; 6, 5 ,ug of pSG18-Sacl and 2.5 jig of pSG1-Kpnl; 7, 5 ,ug of pSG18-Sacl and 2.5 jig of pSG1-Sacl; 8, 5 jLg of pSG18-Sacl and 2.5 jig of pSG1-ES2; 9, 5 jig of pSG18-Sacl and 2.5 jLg of pSG1-ES1; 10, 5 ,ug of pSG18-Sacl, 1.25 jig of pSGl-EK1, and 1.25 jig of pSG1-ES1; 11, 5 jig of pSG18-Sacl, 2.5 jig of pSGl-EK1, and 2.5 jig of pSG1-ES1.
gene by two approaches: (i) deletions were introduced into the coding sequences of the ICP4 or ICPO genes; and (ii) the sequences encoding ICP4 or ICPO were subcloned onto separate plasmids. All of these plasmids were then tested for their ability to stimulate ICP8 expression in transfected cells. The plasmids pSG1-EK1 and pSG1-Kpnl contain the complete ICP4 gene but only portions of the ICPO gene. When transfected with pSG18-Sacl, either of these plasmids stimulated ICP8 expression (Fig. 7 , lanes 5 and 6; Table 1 ), but much less effectively than pSG1 (Fig. 7, lane 4) . This suggested that the ICP4 gene alone did not account for all of the stimulatory activity of pSG1. The clones pSG1-ES1 and pSG1-Sacl contained the ICPO gene or the ICPO gene and the 5' end of the ICP4, respectively. These clones also stimulated ICP8 expression when transfected with pSG18 (Fig. 7, lanes 7 and 9) , but much less effectively than pSG1 (lane 4).
These results suggested that two stimulatory functions were encoded on the pSG18 plasmid, one mapping in or near the ICP4 gene and one mapping in or near the ICPO gene. To determine whether the two functions were similar, we transfected cells with pSG18-Sacl, pSG1-EK1, and pSG1-ES1. The stimulatory activity of the two plasmids together (5 ,ug together) (Fig. 7, lane 11) was three times as great as the sum of the individual activities when the plasmids were transfected individually (2.5 jig of either) (Fig. 7, lanes 5 and 9) . (Fig. 7) was scanned, and the amount of ICP8 was determined by planimetry (18 (Fig. 1) , a mixture of the two plasmids was more active than an equal amount of the two introduced separately. From these results we conclude that either function can stimulate ICP8 expression, but together they stimulate ICP8 expression more efficiently. Therefore, these two stimulation functions show a synergistic interaction.
Precise mapping and identification of the two functions remain to be done. It seems likely that the function encoded in the pSG1-EK1 and pSGl-Kpnl plasmids is at least in part a result of expression of the ICP4 protein. Recombinant DNA plasmids encoding a temperature-sensitive ICP4 protein should determine the requirement for ICP4. A deletion in the ICPO coding sequences reduced the stimulatory effect of pSG1. Thus, the function encoded by the pSG1-Sacl and pSG1-ES1 plasmids may be a result of expression of the ICPO protein; however, because of the lack of antibody probes, we have no evidence that this protein is expressed. Furthermore, no viral mutants with defects in the ICPO protein have been isolated. Mutagenesis of the pSG1-ES1 plasmid will be necessary to identify the stimulatory function on this plasmid. Studies on the mechanism of action of each of these functions are in progress, and these should also give information about the differences between the two activities.
Regardless of the specific identities of the two functions, our data argue that these are trans-acting functions. There is no evidence for rearrangements of the recombinant molecules encoding ICP8 in transfected cells during the time period of our experiments; therefore, the effects appear to be mediated in trans. This could be the result of expression of viral gene products as described above or the binding of cellular inhibitory products to the alpha gene sequences.
The optimal expression in transfected cells of another HSV beta gene product, thymidine kinase, is also dependent on both of the functions described above (M. P. Quinlan 
